Influenza epidemics lead to severe illness, life-threatening complications, and deaths, especially in the elderly. As CD8 + T cells are associated with rapid recovery from influenza, we investigated the effects of aging on antigen-specific CD8 + T cells across the universal influenza epitopes in humans. We show that aging is characterized by altered frequencies in T cell subsets, with naive T cells being partially replaced by activated effector/memory populations. Although we observed no striking differences in TCR signaling capacity, T cells in the elderly had increased expression of transcription factors Eomes and T-bet, and such changes were most apparent in CD8 + T cells. Strikingly, the numbers of antigen-specific CD8 + T cells across universal influenza epitopes were reduced in the elderly, although their effector/memory phenotypes remained stable. To understand whether diminished numbers of influenza-specific CD8 + T cells in the elderly resulted from alteration in TCR clonotypes, we dissected the TCR repertoire specific for the prominent HLA-A*02:01-restricted-M1 58-66 (A2/M1 58 ) influenza epitope. We provide the first ex vivo data on paired antigen-specific TCR clonotypes in the elderly, showing that influenzaspecific A2/M1 58 + TCR repertoires in the elderly adults varied from those in younger adults, with the main features being a reduction in the frequency of the public TRAV27-TRBV19 TCR 
INTRODUCTION
Circulating influenza viruses are an enormous global health burden, with an annual estimate of 3-5 million cases of severe illness and 250,000-500,000 deaths worldwide (http://www.who.int/ mediacentre/factsheets/fs211/en/; World Health Organization, updated November 2016), despite annual updates of the influenza vaccine components. Most people experience mild to moderate influenza illness only once or twice in their lifetime, 1 with symptoms ranging from fever, cough, sore throat, body aches, and fatigue.
However, the risk of severe influenza illness, which often requires hospitalization and can result in death, is more pronounced in the elderly, with increased occurrence, higher hospitalization rates, and increased morbidity and mortality compared with younger adults. [2] [3] [4] This is exemplified by the data obtained from 17 Australian major hospitals during the 2015 April-October influenza season, with the elderly (≥65 yr) accounting for 46% of all hospitalized influenzainfected patients out of 2070 laboratory-confirmed cases. 3 Elderly individuals, particularly men, also preferentially succumbed to severe avian H7N9 influenza disease. 2, 5, 6 Such increased susceptibility and morbidity/mortality of influenza infections in the elderly might be partially a result of coexisting comorbidities (i.e. diabetes, chronic respiratory, cardiac, or renal disease) in this age group. Concomitantly, aging is also associated with decreased or impaired function of the immune system, named as immunosenescence. 7 As established T cell immunity directed at conserved viral regions can provide protection against influenza viruses and lead to more rapid host recovery, 2, [8] [9] [10] prolonged influenza disease in the elderly indicates an impairment within the T cell compartment. Indeed, aging can have multifactorial effects on T cell immunity, arising from decreased thymic export of naive precursors, due to thymic involution, 11, 12 perturbed recruitment of naive CD8 + T cell precursors, 13, 14 replicative senescence of memory T cells, [15] [16] [17] [18] and decreased cytolytic function, as measured by granzyme B production. 19, 20 Aging can also affect TCR composition of naive and immune T cells in mice, with large antigenindependent clonal expansion. 21 Naive T cell attrition has also been inferred from observed reductions in the diversity of antigen-specific TCR repertoires in aged mice [22] [23] [24] and humans. 25 Our group recently established that human pre-existing memory CD8 + T cells can recognize universally conserved epitopes derived from the internal influenza proteins, matrix protein (M1) and NP, which were present across different influenza A virus strains circulating during the past century, 26 including the novel avian A/H7N9 influenza virus. 6, 27, 28 Indeed, these universal influenza CD8 + T cell epitopes are restricted to common HLA class I types, HLA-A*02:01, HLA-A*03:01, HLA-B*08:01, HLA-B*18:01, HLA-B*27:05, and HLA-B*57:01, 26 which are prevalent across many different ethnicities. Although recently, van de Sandt et al. 29 demonstrated elegantly the persistence and longevity of influenza-specific CD8 + T cells over 13 years (1999-2012) , in 9 healthy donors, aged between 18 and 64, it is still unclear whether the numbers of influenza-specific CD8 + T cells, especially those directed at the universal influenza epitopes, persist or decline in individuals older than 65 yr of age. To understand T cell responses attributed to the declining immunity, we dissected influenza-specific CD8 + T cell responses and TCR clonal composition in EDs compared with younger or middle-aged adults. We analyzed the effects of aging on both the total (not antigen-specific) CD8 + and CD4 + T cell compartments, their frequencies, effector/memory phenotypes, and expression of transcription factors, as well as antigen-specific CD8 + T cell immunity directed at universal influenza epitopes, together with their phenotypes and TCR repertoires. We found that whereas bulk T cell compartments are associated with increased frequencies of effector/memory T cells and altered transcription factor levels, the numbers of influenza-specific CD8 + T cells are lower in elderly individuals and display large, noncanonical clonal expansions and reduced use of the preferred TCR signatures, such as TRBV19, TRAV27, and the public TRBV19-TRAV27 clonotype. Our study indicates the need for new vaccination strategies to preserve the numbers and optimal TCR features of influenza-specific CD8 + T cell immunity in elderly individuals.
MATERIALS AND METHODS

Human blood samples
Human experimental work was conducted according to Declaration 
Peptides and tetramers
Influenza A peptides derived from M1 and NP proteins (Table 2) were purchased from GenScript (Piscataway, NJ, USA). Monomers were generated in house by refolding each peptide with its restricted HLA ( 
Flow cytometry
PBMCs were thawed and cell-surface stained in MACS buffer (PBS containing 0.5% BSA/2 mM EDTA) with human anti-CD3 PE-CF594 
Flow cytometry-based assay for ZAP-70 phosphorylation
Kinetics of TCR stimulation via phosphorylation of ZAP-70 was mea- 
PMA and ionomycin stimulation
Adult and elderly PBMCs (1 × 10 6 ) were stimulated ex vivo with PMA (10 ng/ml) and ionomycin ( 
TAME of influenza-specific CD8 + T cells
Cryopreserved PBMCs ( 
T cell proliferation assay
HLA-A2 + responder PBMCs (∼1 × 10 7 ) were preincubated with cell-trace violet (Violet Proliferation Dye 450, BD Horizon; BD Biosciences) before generating A2/M1 58 -specific CD8 + T cell lines, as previously described. 26, 36 In brief, one-third of unlabeled PBMCs was pulsed with 10 M A2/M1 58-66 peptide for 90 min at 37 • C, washed twice, and then incubated with the remaining two-thirds of cell trace violet-labeled autologous PBMCs for 10 d (37 • C, 5%
CO 2 ) in complete RF10 medium containing 10% heat-inactivated FCS, 2 mM L-glutamine, 1 mM MEM sodium pyruvate, 100 µM MEM nonessential amino acids, 5 mM HEPES buffer solution, 55 µM 2-ME, and 100 U/ml penicillin per 100 µg/ml streptomycin in RPMI-1640 media, plus 10 U/ml recombinant IL-2 (Roche Diagnostics, Mannheim, Germany). Media reagents were from Gibco (Thermo Fisher Scientific, Scoresby, VIC, Australia). Cells were assessed on d0, 3, or 4, 5, 6, 7, and 10 by tetramer staining and cell-surface mAb staining, followed by flow cytometry.
Single-cell RT-PCR and sequencing
PBMCs were stained with tetramer for 1 h at room temperature, washed twice, and then cell-surface stained with mAb. Live CD3 + CD8 + tetramer + CD19 − /CD14 − cells were individually sorted into 96-well twin.tec PCR plates (Eppendorf, Hamburg, Germany) using a BD FACSAria III (BD Biosciences). Analysis of paired CDR3
and CDR3 regions was performed by multiplex-nested RT-PCR before sequencing of TCR and TCR products, essentially as described. 34, 35, 37, 38 Sequences were analyzed according to the IMGT/V-QUEST web-based tool (IMGT, The International ImMunoGeneTics Information System, Montpellier, Cedex, France). 39, 40 Circos plots were generated using the Circos software package. 41 
Statistical analysis
Statistical analysis was carried out using GraphPad Prism software (GraphPad Software, San Diego, CA, USA). Spearman rank analyses were used to derive age-based correlations. Mann-Whitney and Student's t test were used where appropriate for comparison between two groups as indicated. Statistical significance is described in figure legends and r values stated where relevant.
RESULTS
Distinct age-related profiles within the CD8 + and CD4 + T cell compartments
CD8 + and CD4 + T cell compartments change throughout a human lifespan. At birth, T cells are predominantly immunologically naive and thereafter, gain the effector/effector memory phenotype with age, consequent to encounters with foreign pathogens. We used two surface phenotypic markers-CD45RA and CD27-to delineate naive (CD45RA + CD27 + ), effector/memory (CD45RA − CD27 +/− ), and terminally differentiated effector (CD45RA + CD27 − ) T cell subsets 33, 42 in CB of younger and elderly adults (Fig. 1A) , across different ages (a range of 0-88 yr; Table 1 ). At birth, both CD8 + and CD4 + T cells were predominantly of a naive-like CD45RA + CD27 + phenotype (∼80%, n = 7). Expectedly, the naive CD8 + and CD4 + T cell compartments significantly declined with age (P < 0.0001; r = −0.8232 and −0.7071, respectively) to a mean (±SD) of 44.6 ± 19.9% in adults (n = 16) and 22.8 ± 14.0% in the elderly (n = 15) for CD8 + T cells and to 41.3 ± 18.1% in younger adults and 28.2 ± 14.0% in elderly adults for CD4 + T cells (Fig. 1Bi) . On the other side of the spectrum, terminally differentiated CD45RA + CD27 − CD8 + T cells 43 significantly increased with age, from 3.8 ± 4.1% in CB to 16.5 ± 13.0% in younger adults and 33.3 ± 12.9% in elderly adults (Fig. 1Bii) . Whereas the terminally differentiated CD45RA + CD27 − effector CD8 + T cell subset was prominent in younger adults and elderly adults, CD45RA + CD27 − CD4 + T cells were found only at minimal frequencies (<3%) across the human lifespan.
Furthermore, the frequency of the activated effector/memory populations lacking CD45RA expression and either CD27 + (Fig. 1Biii) or CD27 − (Fig. 1Biv) significantly increased with age for both CD8 + and CD4 + T cells.
To explore further the transcriptional profiles within activated CD27 − or resting CD27 + T cells during aging, we analyzed expression of the key transcription factors for T cell function and differentiation, Eomes, and T-bet. 44 Bimodal distribution of Eomes in CD27 + T cells demonstrated two populations of "naive-like" CD27 + Eomes lo T-bet lo T cells, also negative for the cytolytic molecules perforin and granzyme (data not shown), and a mixture of effector/memory Eomes hi T-bet hi T cells heterogeneously expressing CD27 (Fig. 1C) . In agreement with previous findings, 42 we observed significantly higher frequencies of Eomes hi expression in both CD27 + (P = 0.0317) and CD27 − (P = 0.0317) CD8 + T cell populations and higher frequencies of T-bet hi expression in CD27 + CD8 + T cells (P = 0.0317) in elderly individuals compared with younger adults (Fig. 1D) . Although similar trends were observed in CD4 + T cells, these were not significant.
Thus, with aging, naive T cells are replaced with the activated effector/memory T cell subsets, characterized by increasing Eomes/Tbet expression, and such changes are most apparent in the CD8 + T cell compartment.
Elderly CD8 + and CD4 + T cells retain their TCR signaling capacity
As the composition of T cell compartments and their transcription factor profiles change with age, we next asked whether aging also affects the initial TCR engagement and TCR signaling efficacy. We measured the kinetics of tyrosine phosphorylation of ZAP-70, which plays a critical role in T cell signal transduction after TCR-dependent activation. showed stable expression of ZAP-70 over time ( Fig. 2A) .
Given that the distribution of T cell subset changes with age, as
shown by a decline in naive-like T cells and an increase in effector/memory T cell subsets (Fig. 1) , we further examined TCR signaling capacity within the phenotypically distinct T cell subsets of adults and the elderly. In the CD8 + T cell compartment, we observed no significant differences in the naive/effector/memory subsets between younger and elderly adults (Fig. 2C, left) . However, the CD45RA − CD27 − effector memory subset within CD4 + T cells showed significantly higher ZAP-70 MFI fold change at 150 s and 4 min in the EDs (Fig. 2C, right) , suggesting that effector memory CD4 + T cells in the elderly may have a higher and prolonged signaling capacity compared with younger individuals.
To assess the functional capacity of adult and elderly T cells, we assessed cytokine (IFN-and TNF) production by PBMCs stimulated ex vivo with PMA and ionomycin. No significant differences (P > 0.05) in the single or dual cytokine-producing T cells were observed across the CD8 + and CD4 + T cell compartments within younger adults (n = 7)
to elderly adults (n = 7; Fig. 2D ).
Overall, although aging is associated with altered frequencies in T cell subsets and transcription profiles, no striking differences in TCR signaling or cytokine producing capacity, especially in CD8 + T cells, were observed.
Aging is associated with reduced numbers of antigen-specific memory CD8 + T cells across universal influenza HLAs
Following the broad analysis of total CD8 + and CD4 + T cells in the elderly, we subsequently dissected T cells directed at a single epitope level. As influenza virus infections cause significant morbidity and mortality in the elderly, and CD8 + T cells are associated with rapid recovery, 2,8-10 we investigated whether aging affects the numbers of CD8 + T cells across the universal influenza HLAs in humans. 26 To enumerate influenza-specific memory CD8 + T cells in elderly adults compared with younger adults, we used a TAME method, which increases detection of tetramer-positive CD8 + T cells by up to 100-fold. 30, 35, 45 Dual enrichment with 2 tetramers was used when donors had >1 of the universal HLAs (Table 1, Of note, as a result of the limited number of donors available for B8/NP 225 and B57/NP 199 TAME experiments, statistical analysis could not be performed, and data points were graphed together (Fig. 3B) .
Furthermore, phenotypic analysis of A2/M1 58 + CD8 + T cells revealed comparable activation/memory phenotypes, as defined by CD45RA
and CD27 profiling (Fig. 3C) . Furthermore, as we found no difference (P = 0.111) in the vaccination rate between our healthy adult volunteers (46%) and EDs (43%), for the donors with known vaccination history, it seems unlikely that the vaccination status of the donors would impact our results. 35 and EDs. (D) Distribution of CDR3 and CDR3 amino acid lengths in ADs and EDs. CDR3 lengths of ADs were taken from Valkenburg et al. 35 Taken together, whereas the numbers of antigen-specific CD8 + T cells across two universal HLAs are reduced in the elderly individuals, the activation/memory phenotype of those influenza-specific CD8 + T cells remain stable.
Robust proliferative capacity of A2/M1 58 -specific CD8 + T cells in the elderly
Given that the numbers of influenza-specific CD8 + T cells across several specificities were reduced in the elderly individuals, we next asked whether those epitope-specific CD8 + T cells were capable of effective proliferation upon subsequent antigenic stimulation. We performed these experiments for the immunodominant influenza epitope, A2/M1 58 , 35, 46 by in vitro A2/M1 58 peptide stimulation for 10 d. As ex vivo numbers of A2/M1 58 tetramer + CD8 + T cells detected on d0 were below the detection limit, we used TAME to measure ex vivo d0 precursor frequencies (Fig. 3) . Proliferation of A2/M1 58 tetramer + CD8 + T cells was first observed between d3 and -4, as shown by the loss of cell trace violet over time (Fig. 4A) . From undetectable levels on d0, the total numbers of A2/M1 58 -tetramer + CD8 + T cells expanded similarly to 1.0-4.8 × 10 4 cells in younger adults and 1.2-3.5 × 10 4 cells in the elderly adults by d10 (Fig. 4B) . Furthermore, fold expansions of A2/M1 58 -tetramer + CD8 + T cells from d3 to d4 did not differ between elderly and younger adult cultures (Fig. 4C ). Although Given that our data suggest similar intrinsic TCR signaling capacity and expansion potential but reduced numbers of epitopespecific CD8 + T cells in the elderly, we next asked whether such reduced numbers during aging were associated with striking alterations in the TCR repertoires of influenza-specific CD8 + T cells.
Large, noncanonical expansions of A2/M1 58 + CD8 + TCR clonotypes in the elderly
To dissect the composition and diversity of epitope-specific TCR repertoires in the elderly, we used a single-cell multiplex RT-PCR capable of amplifying both TCR and TCR chains. 34, 35, 37, 38 Here, we provide the first ex vivo data on the paired epitope-specific TCR repertoire in the elderly. With the use of direct ex vivo tetramer staining, we examined TCR clonotypes within A2/M1 58 + CD8 + T cells for 3 HLA-A*02:01-expressing EDs (ED9, ED31, and ED18; Fig. 5A ). As compared with our ex vivo TCR data for memory CD8 + T cells in 5 young adults, 35 we found that the TCR repertoire in the EDs used a broader array of TRBV and TRAV gene use (n = 3.6 and 9.3, respectively) than in younger adults 35 (n = 1 and 5, respectively; Fig. 5B and Table 3 ). This suggests that the strong bias toward prominent TRAV27 and TRBV19 segments (as found in adults) decreases with aging and is replaced by a broader representation of TRAV and TRBV segments. The frequency of TRBV19 in the elderly was decreased to a mean of 54.9% (range 0.0-83.5%), detected in 2/3 EDs, and was completely absent in another (ED31; Fig. 5C ) compared with 100% TRBV19 gene use reported in 5 ADs (Fig. 5C ). for CDR3 ), and instead, a broad range of both CDR3 and CDR3 lengths was used in the EDs, and these varied greatly across different individuals (Fig. 5D ). Thus, whereas public TCR signatures were still present, aging was associated with increased TCR diversity and oligoclonal expansion of clonotypes with longer CDR3 loops. Conversely, the TCR repertoire in the elderly displayed more private clonotypes that were not typically shared across the EDs, except for clonotype (Clone C) bearing the public TCR sequence but a varied TCR sequence, which was present in two EDs (Fig. 6B and Table 4 ). Interestingly, this was associated with large clonal expansions found in all of the elderly individuals, and these were characterized by longer CDR3 loops (Table 4) . This is most evident from ED31, characterized by 1 prominent TRAV13-1-TRBV27 TCR clonotype (Clone N), with a 10 aa CDR3 constituting 60% of the A2/M1 58 + CD8 + TCR repertoire ( Fig. 6B and Table 4 ). In ED9, a large clonal expansion of a TRAV38-1-TRBV19 TCR clonotype with an 11 aa CDR3 loop (Clone B; Table 4 ) was observed, further demonstrating that longer TCR chain sequences can be detected in the EDs, in accordance with Gil et al. 25 Overall, the influenza-specific A2/M1 58 + TCR repertoire in Clonotypes in bold represent the dominant clonotypes observed for each ED donor. Clonotype underlined (clone Y) represent the public A2/M1 58 + TCR clonotype. Long CDR3 a.a. lengths in italic are not commonly detected in younger adult donors. 35 ND, not determined.
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DISCUSSION
In the absence of neutralizing antibodies, one way of minimizing the effects of a novel influenza virus is to recall pre-existing, cross-strain, protective CD8 + T cell memory directed at peptides derived from internal proteins shared by many influenza strains. Influenza-specific CD8 + T cells generated by seasonal influenza infection can promote virus elimination and host recovery, leading to a milder disease after infection with distinct strains. 2, [8] [9] [10] 48 Following the 2013 H7N9 avian influenza outbreak in China, we analyzed immune responses in patients hospitalized with severe and fatal influenza disease at the Shanghai Public Health Clinical Centre and found that recovery from severe H7N9 disease was associated with diverse response mechanisms, driven predominantly by CD8 + T cells. 2 We also provided evidence that the emergence of different effector mechanisms con- In our study, this was also the case for influenza-specific memory CD8 + T cells directed at the universal influenza epitopes in adults (pooled mean 2.6 × 10 −4 ; range 1. 24 and 2) sequential priming of the CD8 + T cell compartment in the absence of antibody responses greatly reduces influenza-induced morbidity. 51 However, it is still unknown how frequently influenzaspecific CD8 + T cells in humans need to be primed to preserve the memory numbers and the optimal TCR repertoires. Recent evidence, 29 however, suggests that memory CD8 + T cells are maintained in healthy donors for up to 12 yr. Furthermore, it is thought that humans are exposed to influenza viruses every 5-10 yr, 52 where natural infection would prime/boost T cell compartments. However, this would differ in vaccinated individuals, in whom neutralizing antibodies might prevent regular T cell boosting. However, despite the existing evidence in mice, there are still not enough data to understand how influenza-specific CD8 + T cell immunity is generated and maintained in children. We still do not know how many times T cells need to be boosted in children for the maintenance of CD8 + T cell numbers, effector function, and an optimal TCR repertoire. These are important questions for future studies.
The diversity and composition of the peripheral TCR repertoire have important implications for subsequent immune responses in both animal models and human disease. 53 Links among TCR repertoire diversity, public TCR usage, avidity, immune protection, and viral escape are well established. [53] [54] [55] [56] is also associated with superior CD8 + T cell immunity during HIV-1 infection, whereas a lack of the public clonotypes leads to suboptimal immunity. 59 Thus, large, random clonal expansions, rather than preservation of the key public TCR clonotypes, appear to be features of the aging TCR repertoire, in accordance with previous studies in mice and humans. 25, 63 One caveat of our study was our inability to assess directly the TCR signaling capacity of epitope-specific CD8 + T cells in the younger adults compared with EDs. As a result of the low frequencies of tetramer-specific CD8 + T cells in 100 µl blood, our ex vivo ZAP-70 signaling assay could not be modified to determine TCR-mediated ZAP-70 phosphorylation efficacy in influenza-specific CD8 + T cells.
Although based on our previous studies in mice, 64, 65 we speculate that the M1 58 -specific TCR repertoires lacking the "best-fit," immunodom- 
